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Abstract 



Within the framework of an SU(5) SUSY GUT model, a mechanism which 
effectively induces i?-parity-violating terms below the unification energy scale 
Mx is proposed. The model has matter fields 52,(+) + 10l(_) and Higgs fields 
H(-) and -f/^(+) in addition to the ordinary Higgs fields H(+) and H(-) which 
contribute to the Yukawa interactions, where (it) denote the transformation 
properties under a discrete symmetry Z2. The Z2 symmetry is only broken by 
the ^-term softly, so that the 5(+) ^ ^{+) ^ ^(-) fixing appears 

at /i < msB, and i?-parity violating terms 5l5l10l are effectively induced 
from the Yukawa interactions i7(_)5/^(_|_)10/^(_), i.e. the effective coupling con- 
stants Xijk of VLiS-Lje^Rk ^'^'i '^LidfijdLk are proportional to the mass matrices 
{M*)jk and {M^)jk, respectively. The parameter regions which are harm- 
less for the proton decay are investigated. Possible forms of the radiatively 
induced neutrino mass matrix are also investigated. 
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I. INTRODUCTION 



The origin of the neutrino mass generation is still a mysterious problem in the unified 
understanding of the quarks and leptons. As the origin, from the standpoint of a grand uni- 
fication theory (GUT), currently, the idea of the so-call seesaw mechanism [1] is infiuential. 
On the other hand, an alternative idea that the neutrino masses are radiatively induced is 
still attractive. As an example of such a model, the Zee model [2] is well known. Regrettably, 
the original Zee model is not on the framework of GUT. A possible idea to embed the Zee 
model into GUTs is to identify the Zee scalar as the slepton in an i?-parity-violating 
super symmetric (SUSY) model [3]. However, usually, it is accepted that SUSY models with 
i?-parity violation are incompatible with a GUT scenario, because the i?-parity-violating 
interactions induce proton decay [4,5]. By the way, there is another problem in a GUT 
scenario, i.e. how to give doublet-triplet splitting in SU(5) 5-plet Higgs fields. There are 
many ideas to solve this problem [6]. Although these mechanisms are very attractive, in the 
present paper, we will take another choice, that is, fine tuning of parameters: we consider a 
possibility that a mechanism which provides the doublet-triplet splitting gives a suppression 
of the i?-parity violating terms with baryon number violation while it gives visible contri- 
butions of the doublet component to the low energy phenomena (neutrino masses, lepton 
fiavor processes, and so on) [4]. In the present paper, we will try to give an example of such 
a scenario. 

In the present paper, in order to suppress the proton decay, a discrete symmetry Z2 
is introduced. The essential idea is as follows: we consider matter fields + 10l((-) 

of SU(5) and two types of SU(5) 5-plet and 5-plet Higgs fields if(±) and i?(±), where (±) 
denote the transformation properties under a discrete symmetry Z2 (we will call it "Z2- 
parity" hereafter). The superpotential in the present model is given by 

W = Wy + Wh + Wrm. , (1.1) 

where Wy denotes Yukawa interactions 

Wy = Y.iYu)ijH^+)lOLi-)ilOLi-)j + J2iyd)ijHi-)5Li+)ilOL(-)j ■ (1-2) 

Under the discrete symmetry Z2, -R-parity violating terms 5l(+)5l(+)10(_) are exactly for- 
bidden. The discrete symmetry Z2 is softly violated only by the following //-terms 

Wh = Hi+){m+ + ^+$)i/(+) + Hi-){m_ + (?-$)i/(-) + msBH^+)H^_) , (1.3) 

where $ is an SU(5) 24-plet Higgs field with the vacuum expectation value (VEV) (<I>) = 
V24diag(2, 2, 2, —3, —3), and it has been introduced in order to give doublet-triplet splittings 
in the SU(5) 5- and 5-plets Higgs fields at an energy scale ji < Mx {Mx is an SU(5) 
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unification scale). The Z2-parity is violated only by^ the term Note that 

and -f^(+) in the mss-term do not contribute to the Yukawa interaction (1.2) directly, so 
that proton decay via the dimension-5 operator is suppressed in the limit of tusb 0. (A 
similar idea, but without Z2 symmetry, has been proposed by Babu and Barr [7].) The terms 
Wjnix have been introduced in order to bring the -f^(+) ^ 5(+) mixing: 

W^mix = ^'^L{+)i ipiinr, + Q5(5$) , (1.4) 

i 

where Zli l^iP = I]i |qP = 1- At the energy scale /i < Mx, the terms Wh + W^ix are 
effectively given by 



m 



(a) 



a=2,3 



cos + di^^L{+)i sin a^"^ 



tt{o) 

^(+) 



+ E + E ' (1-5) 

a=2,3 a=2,3 

where = 1 , the index (a) denotes that the fields with (2) and (3) are doublet and 

triplet components of SU(5)^SU(2)xSU(3), respectively, and 

m^^ coso;^^^ = m+ — ?>g+V24: , m^^'* coso;*-"^-' = m+ + 2gj^V24: , (1.6) 
m^'* sin a^'^^di = m^hi — Sg5V24Ci , m^'* sin a^^^di = m^hi + 2g^V2ACi , (1-7) 

m^^ = m_ — ?>g-V2i , = m_ + 2gi_T;24 . (1.8) 

Therefore, the m^^-term together with m_|_ sin a-term induces the Hi^^) ^ mixing, 
so that the i?-parity violating terms S^SlIOl are generated from the Yukawa interactions 
i7(_)5L(_|_)10/,(_). The coupling constants Xijk of SjSjlOfe will be proportional to the charged 
lepton mass matrix {M*)jk or down-quark mass matrix (M])^^. (The details are discussed in 
the next section II.) As we demonstrate in Sec. II, we can show that the mixing 5l(+) ^ -ff (-) 
is neghgibly small for the colored sector, while it is sizable for SU(2)-doublet sector. 

The parameters in the present model need fine-tuning. For example, we will find that 
a large value of uisb is not acceptable, because for such a large value of uisb the proton 
decay due to the dimension five operator becomes visible. On the other hand, we will find 
that a smaller value of uisb leads to a small bottom quark mass, so that a small value of 



^The Z2 symmetry can softly violated not only by the term but also by terms 

and 5/^(+)iii'(_). However, in the present scenario, the existence of is essential. The 

details are discussed Appendix A. 
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msB is not acceptable. We will take tusb ~ 10^^ GeV. In Sec. Ill, we will investigate the 
parameter regions which are harmless for the proton decay. In Sec. IV, we will investigate a 
possible form of the radiatively induced neutrino mass matrix due to the i?-parity violation 
term ^l^lI^l. The radiatively induced neutrino mass matrix M™*^ will be expressed by 
the sum of two rank-1 matrices. On the other hand, we also have contributions My from 
VEVs {vi) of the sncutrinos to the neutrino mass matrix M^. In Sec. V, a possible form of 
My = My + M™'^ is discussed from the phenomenological point of view. Finally, Sec. VI 
will be devoted to the summary. 



II. ii"(-)-5(+) MIXING 

In order to suppress the proton decay, we want to take rn\^ ~ Mw with a sizable a^'^\ 
but m^-* ~ Mx with a negligibly small a^^\ However, from the relations (1.6) and (1.7), we 
obtain the relation 



d tan a^^^ - ^5'5^24Q _ m^^ sin a^'^'^dj + 5g'5t'24Q 

m+ + 2^+^24 m cos q;(2) + 5g+V24 



(2.1) 



The requirement \a^^^\ ^ Mw/Mx leads to the constraint \g5\ ^ Mw/Mx for l^f+l ~ 1. We 
do not like to introduce such a small dimensionless parameter g^. Therefore, for simplicity, 
we will put g^ — Q hereafter. Then, without loss of generality, we can put 

i 

where does not mean the observed first generation particle. (Hereafter, for conve- 

nience, we denote ^ simply. The effective parameters m+\ rriL^ and a'-"-* are 

given as follows: 



m^-* = ^(m+ - ?>g+V2AY + ml , = \J (m+ + 2g+V24)'^ + ml , 

= m_ — 3(?_f24 , = m_ -|- 2g_V24 , (2.3) 

tana(2) ^ ^ ^^^^(3) ^ rn^ ^ m^ 

m+-3g+V24 rnf ' m+ + 2g+V2i mf' 



We will take 



~ Mw , m ~ Mx , 
tu'l^ ~ Mi , mL^^ ~ Mx , (2.4) 



tan«(^)~^, tana(3).-^^ 



where M/ ~ 10^"^ GeV and ~ 10^ GeV as we state later. The mass matrix in the basis 
of (F(_),F(+),5l(+)i) and (//(+),//(_)) is given by 
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/ 



171+ cos a msB 
\ m+ sin q; / 



(2.5) 



Here and hereafter, for simplicity, we drop the index (a). The mass matrix (2.5) is diago- 
nahzed as 



U^MU = D 



(mi \ 

1112 

V y 



(2.6) 



where U and U are unitary operators which diagonahze M^M and MM^ as 



m| 



(2.7) 



and 



U^MM^U 



I ml 0\ 

m| 
V Oy 



(2.8) 



respectively. Note that the matter field 5^^ is still massless, and also note that it is not in 
the eigenstate of the Z2 parity. 

The mixing matrix U is easily obtained from the diagonalization of 



I 777.5^777.+ cos Q! |7775sp + |777_P 



(2.9) 



For real mi, msB and 777±, we obtain 



U = 



cos 9u sin 6u 
— sin^u cos^u 



(2.10) 



tan2e, 



2ms sm^ cos a 

mi;^ + 7771 — 777+ 



777i 



777n 



= \ ("^L + 777^ + 777^) - , 



(2.11) 
(2.12) 

(2.13) 



where 
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Q — (m|g — m\ + rrvt) cos 29u + 2msBiTi+ cos a sin 2^^ 
When we define 



m 



SB 



ml + ml , S = 2m5Bm+ cos a , 



(2.14) 



(2.15) 



cos 26*,, = 



, sin 26'„ = 



B 



I 



m 



msBm^ 



\ 



msB^n- ml^ + m^ cosset m^cosasino; 



V 



ml cos q; sm a 



mi sin^ a / 



The mixing matrix elements U ^3 are easily obtain as follows: 

Uiz = -^rnsB sin a , 

iV3 



^23 = -TT'^- ^i^" ' 
iV3 



(2.16) 



the quantity Q is given by 
Q = + 52 ^ -^/fmls + (m+ - m_)2] [ml^ + (m+ + m_)2] - AmlBm+ sin^ a . (2.17) 
The rotation [/ is also obtained from the diagonalization of 



(2.18) 



(2.19) 



(2.20) 



where 



U33 = —mucosa , 

iV3 



A'3 = — m_ + m^^ sm a . 



(2.21) 



(2.22) 



Other matrix elements are obtained as follows: We express the mixing matrix U as 



/ 



U 



C13C12 



C13S12 



Sl3 \ 



~C23Si2 — S23C12S13 C23C12 — S23S12S13 S23C13 
\ -S23S12 ~ C23C12S13 — S23C12 ~ C23S12S13 C23C13 / 



(2.23) 



where = sin^j^ and = cosOij. Then, by comparing (2.23) with (2.19)-(2.21), we obtain 

m^ssina 1 
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ml + rrigQ sin^ a 



, Ci3 



1 + (m5B/m_)2 sin a 



(2.24) 



U23 

S23 = = — sm a , C23 = cos a . 

Cl3 



(2.25) 



By using the relation (M^M)ii = UuUn{'m[)'^ + U y^U i2{rn'2Y , the mixing angle 612 is 
obtained as follows: 



cos 2^12 



1 



2 2 

777.2 ~ "^1 



+ 7772 — 2 



.ml 

Cl3 



r 2 I 2 2 r> 2 • 2 \ 

k^5B + ?77_,_ — ?77_ — 2mg^ sm a) 



— rrin cos 2a — 



mt + 2(?772 — 777^)777?. + 7772 + 27772777^ COS 2a + 777^ 



(2.26) 



Note that cos 2^12 ~ —1 for 777^ ^ 7n|g,777^, so that ^12 ~ 7r/2. 
Since the physical fields (ifi, if2, ^ls) given by 









I/12 


t/l3 


o\ 


^(+) 




^21 


I/22 


1/23 





5l(+)i 






F32 


^733 





5l(+)2 













1 


\ 5l(+)3 y 




I 








1) 





(Hi\ 












'->L2 







(2.27) 



the Yukawa interactions i7(_)5i(+)10i(_) lead to the effective Yukawa interactions at a low 
energy scale 



{Ya)i,H, 5,1(^11^33 - ^i3^3i)5li + ^11 (5,25^2 + ^135^,3) 10L(-)i ' 
and the induced i?-parity violating terms 



(2.28) 



(2.29) 



where we have assumed that |7r7i| << [7772 1, i-e. the Higgs field surviving at a low energy 
scale is not i?2, but Hi. 

The effective Yukawa interactions (2.28) give the fermion mass matrices 



(m;) 



('77(2)77(2) 77(2)77(2) N 77(2)*/'\A^ fr. ■ 1 
[Uii f/33 -UisU^i ){yd)ijVd = C/22 {Yd)ijVd for z = 1 , 



e J^J 



U?hYd).jVd 



for i = 2, 3 , 



(2.30) 



(Mh - I (^!i^^3? - ufMiWdhvd for i = 1 , 
[Uii{Yd)ijVd forz = 2,3, 

where Vd — {Hi), and, in (2.30), we have used the general formula UikUji — UuUjk = 
Eijm^kinU^n arbitrary 3x3 unitary matrix U. Note that in the present model, the 

relation — MT does not hold. 
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From the i?-parity violating terms (2.29), we obtain coefficients X\f^\ Xifk\ "^ifk^ 
and X\j'^\ which are the coefficients of the interactions (uLi^Li — eLi^'Li)e^^-, (i^LidrndLj — 
eLid%iULj), {d%ieLiULj - d^iUudLj), and £a/37C^m^ffi^i^> respectively, as follows: 

A?if = 0, X^^^ ^ K{M:)ij/vd (^ = 2,3), (2.32) 

ASf = .(Mt).>, (i = 2,3), (2.33) 

Aig' = ^"'^1;^^, , Agf=e.(M;W., (i = 2,3), (2.34) 

1 - Kt/gi /[/33 

Agf = 0, = e/^(M]),,/^, (i = 2,3), (2.35) 



where 



<^ 11 <^ 13 

Note that the proton decay due to the exchange of squarks di is forbidden in the hmit of 
^ — > 0, while the radiatively-induced neutrino masses do not become zero even if ^ — > 0. 



III. HOW TO SUPPRESS THE PROTON DECAY 

First, we discuss the parameters in the doublet sector. We assume 

(mL'^)2 > mis > (mj))2 . (3.1) 
Then, we obtain the following approximate relations: 



(mf^r {mff [ 1 - cos^ a^^) ] ~ , (3.2) 

(mff ~(m?'f + mL~M?, (3.3) 

(m_')"' + — (m+ )^ (m_^)^ 



m 



(')^2 + ^2^sin2a(2) m^'^ 



§23^ = — sino;^^-' , C23^ = cosa^^-* , (3.6) 
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(2) . 1 / ^SB \ 2 (2) (2) ''TT-SB (2) /o '7\ 

^ \ m_ / m_ 



Since the up-quark mass matrix M„ is given by {Mu)ij = c^^ ^ (^ti) jj^'ii, where c^^ = cos 9^^ 
and = vsin/5 (v = 174 GeV), the constraint [8] tan/5 > 1.5 (sin/3 > 0.83) in the 
conventional model from the perturbative calculability corresponds to the constraint 

sin /?> 0.83 , (3.8) 

which is reasonably satisfied because the value of c^^ is given by 



msB^+^ cosq;(2) 



\ V ) 



~ 1 . (3.9) 



(2) 

On the other hand, since the down-quark mass matrix is given by {M^jij = U^^ YdiiVd 
= 2, 3), where Vd = v cos /? and 

t7S? = cM-^cosa(^ (3.10) 



the constraint [8] tan /3 < 60 (i.e. cos /3 > 0.017) in the conventional model puts a constraint 
{msB/m^-^) cos a^'^^ > 0.017/cos/3, which leads to 



msB 

(2) 

m_ 



cos > 0.031 , (3.11) 



where we have used the lower limit of tan/3, tan/3 ~ 1.5. A mass value of H2 smaller than 
m2^'' ~ 10^^ GeV cannot be accepted because such a small value spoils the coincidence of 
the gauge coupling constants at = Mx- From the relation (3.3), we must consider 

^(2) ^ ^(2) > ^qU ^3 -^2) 

Therefore, a too-small value of uisb is not acceptable in the present model: 

msB > — ^ X 3 X 10^2 GeV . (3.13) 
cos a'^^' 

The parameter values in the triplet sector are sensitive to the proton decay. For example, 
the proton decay due to the exchange of squark d is proportional to 

\ (2,3) N (3,3) ^, ^2 ( y |2 (o-,A\ 

Aw A,,, l^^^^j IK^I , (3.14) 

which must be smaller than {Msusy/MxY ~ 10~^^. Since {rrib/v cos ~ 10~^, ~ 
10-5 and 
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where we have used the relations (2.3) and the values m^"* ~ Mj ~ 10"^^ GeV and m^^ ~ 
Mx ~ 10^^ GeV, we can estimate the value of (3.14) as 

ASf ~ X 10-^ . (3.16) 

Since the parameter n is given by 



uw tanfio' 777-5 
= -gy = ^ tana(2) ^ ^ , (3.17) 



if we suppose ms ~ 10 GeV (i.e. k ~ 10~^), the proton decay due to the exchange of 0^3 can 
barely be suppressed. 

On the other hand, the proton decay due to the dimension-5 operator is proportional to 
a factor 

K ^ -\^cfU^I + -^s^M^ . (3.18) 
m\ 1712 

The value of K takes a minimum at m?^ = m+^. Therefore, we investigate the case 

(mW = (mL'^)2»m|B , (3.19) 

which have already been assumed in the derivation of (3.15). Then, we can get the following 
approximate relations: 

{mff ~ {mff - msBmf , (mf )' ~ (mf )' + mssmf , (3.20) 

(3) 

tan2ef ^2^, i.e. cos2ef ^ (3_2i) 

msB 2mf 



^(3) J3) J3) X 



-12 -^12 ''IS 

.(3) „(3) J3) 

'12 ^12 ■'23 



(3.22) 



V .(3).(3) -5(3) c(3) 1 / 
\ *23 *12 •'23 <-12 / 



where 



cos2^Sl)~^, (3.23) 
2m± 



ml mi' mi' 
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(3) ■ (3) "^5 



-15 



m 



(3) 

+ 



Therefore, the factor K is estimated as 

msB 



K 



-10" 



1 



(3.25) 



(3.26) 



In order to suppress the proton decay due to the dimension-5 operator, it is better to take 
the value of msB as low as possible. 

For example, the numerical values without approximation are as follows: for the input 
values 

msB = 4 X 10^2 GeV , mg = 2 x 10^ GeV , 



we obtain 



mj^ = 2 X 10^ GeV , m}^' = 1 x 10'^ GeV , 



(2) 



m 



(3) 



5 X 10^^ GeV , w>l' = 5 X 10'^ GeV , 



(3) 



sm 



q;(^) = 0.1, sina^^) =4 X 10-^^ , 



m^? = -2 X 10' GeV , w>2' = 1.0 x 10'* GeV , 



(2) 



a4, 



(3.27) 



(3.28) 



^(2) 



7.9 X 10-1^ 



-7.9 X 10-^^ 



(3.29) 



U 



(2) 



/ 0.040 0.999 0.004 \ 

-0.994 0.040 -0.100 
^ -0.100 0.9 X 10-16 0.995 j 



(3.30) 



mr = -5.0 X 10^6 GeV , = 5.0 x 10^^ GeV , 



C/{3) 



0.707 0.707 
-0.707 0.707 



(3.31) 
(3.32) 



U 



(3) 



/ 0.707 0.707 3.2 x lO-^o \ 

-0.707 0.707 -4.0 x 10-^^ 

^ -2.8 X 10-16 2.8 X 10-16 1.000 j 



(3.33) 



C/fi^ = 0.040 , K = -3.2 X 10-VMx , k = 0.10 , ^ = 0.8 x lO"!^ 
Therefore, these parameter values are harmless for the proton decay. 



(3.34) 
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FIGURES 




FIG. 1. Radiative generation of neutrino Major ana mass 



IV. RADIATIVELY INDUCED NEUTRINO MASS MATRIX 

In a SUSY GUT scenario, there are many origins of the neutrino mass generations [10]. 
For example, the sneutrinos v-il can have VEVs (y) ^ 0, and the neutrinos vn acquire 
their masses thereby [11]. In the present model, there is an i?-parity violating bilinear 
term 5L(+)i?(_|_), while there is no term (the so-called /x-term). In the physical 

field basis (the basis on which the mass matrix (2.5) is diagonal), the so-called //-term, 
rriiHiHi, appears, while the 5lHi term is absent. Therefore, in the present model, the 
sneutrinos cannot have VEVs (i>j) at tree level. The VEVs (ui) ^ will appear only through 
the renormalization group equation (RGE) effect. The contribution highly depends on an 
explicit model of the SUSY symmetry breaking. Since the purpose of the present paper is to 
investigate a general structure of the radiative neutrino masses, for the moment, we confine 
ourselves to discussing possible forms of the radiative neutrino mass matrix . 

The radiative neutrino mass matrix M™*^ is given by 

M;""^ = + , (4.1) 

where is generated by the interactions VLeifiR and lyL^LG-R (i.e. by the charged lepton 
loop) and is generated by VLd'jidL and VLd^dL (i.e. by the down-quark loop). We assume 
that the contributions from Zee-type diagrams due to <-> mixing is negligibly small 
because the term H H IOl must be not HiHiIOl, but H1H2IOL (recall that only the field 
Hi has the VEV in the present model) . 

We consider the radiative diagram with {i'L)j {^r)i + {^lJu and {eL)k + {^L)m (^^£)i- 
The contributions {M^)ij from the charged lepton loop are, except for the common factors, 
given as follows: 

{M^)ij = {XiknAl - Xli„Al){XljlSnl - Xinl6ji){Me)kl{M^LR)nm + {i ^ j) , (4.2) 

where Mg and M^^^^ are charged- lepton and charged-slepton-Li? mass matrices, respectively. 
Here and hereafter, we will drop the common factor in {M^°''^)ij, because we have an interest 
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only in the relative structure of the matrix elements {Ml'^)ij. Since, as usual, we assume 
that the structure of M^^^ is proportional to that of Me, we obtain 

—SilXljlXlkm{Me)lm{Me)kl — SjiXui^lkm{Me)lm{Me)kl ■ (4.3) 

Since Xf^j = A^^^^^ — k{1 — 5ii){Ml)ji from the expression (2.32), we obtain the contribution 
from the charged lepton loop: 

= HjSiHe - SiH^He - HjHjSi + S{Iy{H,H,) . (4.4) 

where we have dropped the common factor k, and the Hermitian matrix and the rank-1 
matrix are defined by 

= M,Ml , (4.5) 



/ 1 0\ 


Vo 0/ 



(4.6) 



Similarly, we can obtain the contributions from the down-quark loop. Prom the expres- 
sion (2.33), we denote A^^^- = A^^^^^ as 



Xi.^n[p5u + {l-5n)\{Ml)ij , 



where 



1 - iKuS'/ui^ 



1 . 



Then, we obtain 



where 



Ha = M\Ma . 



(4.7) 



(4.8) 



(4.9) 



(4.10) 



Note that the result (4.9) is independent of the value of p. 

The field 5l(+)i defined in Eq. (2.2) does not mean the observed first-generation field 
[d!^, V, e)z, (and its SUSY partner). The forms of and on the general basis are given 

by 



Mt = Hi SHe - SHeH, - Hi H^ S + STt{H,H,) , 



(4.11) 
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= HdSHj - SHjHj - HdHdS + STr{HdHd) , 



(4.12) 



where S is an arbitrary rank-1 matrix S = U^SiU^, which is given by the rebasing 5^ 

K = iul5),. 

It is convenient to investigate the form M™'^ on the basis on which the charged lepton 
mass matrix Mg is diagonah Hg = = diag(mgi, mg2, 'n^es) = diag(mg, m^, m^). Then, 
the matrix is given by 



(4.13) 



On the basis with — D^, since the matrix can expressed as — UD^U^ , where 
U = Uji, the contribution is expressed as 



= U{Mi)'U^ , 
{Mty = DlS'Dl - S'Dj - DjS' - S'TrDj , 
S' = WSU* . 

Here, {M^)' is again given by the expression similar to (4.13): 



(4.14) 
(4.15) 
(4.16) 



S2i{m% + "^li"^d2) '^22("^d3 + Ki) S'^siKi + "^d2^4) 

\'53l("^d2 + ^dl"^d3) -532(^^1 +^d2"^d3) -^33(^^1 +^d2) / 



(4.17) 



The mass ratios ml /ml ~ 7.02 x 10 ^ and m't/m'^ ~3.43xl0 ^at/i = Mx are neghgibly 



small compared with Am^^^^^/Am 



atrn 



10 



-2 



SO that when we neglect the terms with 



m; 



■i/"^e3' ^1.2/^1^1 ^^d ^d2/"^d3' approximate (4.13) and (4.17) as 



(Su Si2 0\ 

'S'21 'S'22 
V Oy 



= m^PSP , {M^y ~ m\ 



^'21 ^22 

V oy 



= mlPS'P , (4.18) 



where P is defined as 



P = diag(l,l,0) . (4.19) 

Therefore, we can express the neutrino mass matrix M^f^ as the following form: 

Ml""^ = mo [PSP + kU ■ PU^SU*P ■ U^) , (4.20) 

where k is given by /c ~ (mb/m^)^ and mo will be given later [in Eq. (4.22)]. The matrix 
5* is a rank-1 matrix, so that PSP, U^SU*, and U{PWSU*P)U'^ are also rank-1 matrices. 
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In other words, the radiative neutrino mass matrix M^"*^ has the form which is described by 
two rank-1 matrices: 



Ml 



rad 



mo 



91 9i92 



0\ 



9291 92 

V 0/ 



+ niok 



I n /1/2 /1/3 \ 
/2/1 /I 72/3 
\ /3/1 73/2 /I / 



(4.21) 



rad 



So far, we have not discussed the absolute magnitude of the neutrino mass matrix 
When we assume m^(ei^) = m^(eRs) — ni^i'f^Rz) — fn^ifim) and m^{eL) = m^{eL^) ~ 
ni^{eL2) — m^ifiLi) and the rank-1 matrix S is normahzed as Tr(5'5'^) = 1, the coefficient 
mo in the expression (4.20) is given by 



mo 



167r2 



K 



(2) 4 

,^^^F(m^(e«),m^(e,)), 



where 



F{m\, ml) 



rriji — m 



2 



(4.22) 



(4.23) 



If F(m^(eij), m^(eL)) ~ F{m^{dR),m^{dL)), the factor /c is given by /c ~ (rni)/mrY = 8.6. 
However, in the present paper, we regard /c as a free parameter. By using I/IGtt^ = 6.33 x 



10" 



m 



(2) 



m(i/f^) = 2 X 102 GeV, m^(mz) = 1.75 GeV, v = 174 GeV and tan/? = 1.5, 



we obtain 



mo ~ I.Qk^F eV , 



(4.24) 



where F is the value of F{m'^{eR),m'^{eL)) in the unit of TeV. If the neutrino mass matrix 
Ml, is dominated by the radiative mass terms M™*^ and we wish that the largest one of rriui 



is of the order of w Am^^^ ~ 0.05 eV, the value k ~ 10 is favorable 



V. POSSIBLE FORM OF 



The neutrino mass matrix in the present model is given by 

M^ = M:»'^ + . 



(5.1) 



The contribution from (z/j) 7^ is estimated as follows. Since the mass matrix for 
(i/i, 1/2, 1^3, W^) (except for the radiative masses) is given by 



/ lgvi\ 

^gv2 

^gvs 

\ \gv2 \gv3 M^ ) 



(5.2) 
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where, for simplicity, we have dropped the elements for we obtain 



Us/ 



4M 



w 



'1 



VIV2 



V1V3 \ 



V1V2 V2V3 
\V1V3 V2V3 J 



(5.3) 



under the seesaw approximation. Note that the matrix is a rank-1 matrix. 

As noted in Sec. IV, the sneutrinos in the present model cannot have non-zero VEVs 
at the tree level. The VEVs (z/j) 7^ can appear only through RGE effect. Therefore, the 
magnitudes of Vi = are highly dependent on a model of the SUSY breaking and the RGE 
effect. In the previous section, we have estimate the magnitudes of the radiative masses, 
i.e. in Eq. (4.24). In the present paper, we interest only in the form of the neutrino mass 
matrix M,^. Therefore, we do not discuss the explicit symmetry breaking mechanism and 
the absolute magnitudes of (z/j). 

Since the form of the flavor symmetry breaking in the present model is described by the 
rank-1 matrix S, it is likely that the structure of the rank-1 matrix M/> is also given by the 
matrix S, i.e. M/> = rriorS, where the factor r denotes a relative ratio of to M™'^. Then, 
the neutrino mass matrix is expressed as 



= mo (rS + PSP + kU ■ PU^SU*P ■ U^) , 



(5.4) 



and 



M„ = mo 



/ 5'f(l + r) gig2{l + r) gig3r\ 
S'25'i ( 1 + r) S'i ( 1 + r) g2g3r 
gsQir g2g3r 



+ mok 



I n /1/2 /1/3 \ 
/2/1 /I 72/3 

V /3/1 73/2 /I / 



(5.5) 



correspondingly to the expressions (4.20) and (4.21), respectively. 

It is interesting to consider a case that the neutrino mass matrix is dominated by 
the radiative masses Ml"''^ . Or, we also interests in a case with S which satisfies the relation 
PSP — S [di, case with 5^3 = in the expression (5.5)]. Then, since the neutrino mass matrix 
Ml, is still given by the form (4.20) [(4.21)], i.e. by the sum of two rank-1 matrices, it gives 
detM,^ = 0, so that one of the eigenvalues of M^, is zero. Therefore, we can consider the 
following two cases: 



m^i = 0, m„2 = "7.o£, m^z = mo. 



(5.6) 



for a normal hierarchy model, and 



= -mo(l - £^), m„2 



-mo(l + £^), m,,3 = 0, 



(5.7) 



for an inverse hierarchy model, where 
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(5.8) 



R = 



Ami 



solar 



(5.9) 



Ami 



'atm 



The inverse hierarchy case with the eigenvalues m^^i = — (l/2)mo(l — e^), mi,2 = (l/2)mo(l + 
e^) and m,^^ = is ruled out in the present model, because the case gives Y^if^vi = f^o^'^i 
while the mass matrix (4.21) gives TrMj, = m^ij^^gf + kYl,i fi), so that k must be negative 
to give a small value of TiMy. However, it is unlikely that the contributions and 
have opposite signs each other. 

In Appendix B, we will show that the form (4.20) can always contain parameter values 
which lead to a nearly bimaximal mixing 



where Ci2 ~ sis and ^ !> to the ratio R = Am2i/Am|2 ~ 10~^. However, even if we 
assume the dominance of Ml'^ in M^,, since the expression (4.20) has many free parameters, 
we cannot give any predictions for the neutrino phenomenology unless we put a further 
ansatz for the flavor symmetry. 

In Appendix C, we demonstrate a simple example of S which satisfies the relation PSP — 
S. The model can lead to a successful description of the observed neutrino masses and 
mixings [12-14]. However, this is merely one of the examples. The systematical search for 
the explicit form M^, and a possible flavor symmetry is be a future task. 



In conclusion, within the framework of an SU(5) SUSY GUT model, we have proposed 
a mechanism which effectively induces i?-parity-violating terms at /x < msB- In our model, 
those terms with lepton number violation are large enough to generate neutrino Majorana 
masses while those with baryon number violation are strongly suppressed so that the ex- 
perimental bound of proton decay is evaded. This is related with doublet-triplet splitting. 
We have matter fields + lO-L(-) ^"^^ two types of Higgs fields -f/^(±) and -f^(±), where 

(±) denote the transformation properties under a discrete symmetry Z2. The Higgs fields 
and -f^(-) couple to 10l(_)10l(_) and 5l(+)10l(-), respectively, to make the Yukawa 
interactions. The Z2 symmetry is only broken by the /x-term, msBi/(+)i/(_), so that the 
<-> 5(+) mixing is effectively induced at < msB- Because of the heaviness of the color 




(5.10) 



VI. SUMMARY 
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triplet components of the Higgs fields, the mixing is sizable in the SU{2)l doublet sector, 
while it is neghgibly small in the SU{3)c triplet sector. 

Whether the model is harmless or not for proton decay is highly sensitive to the choice 
of the parameter values, especially, msB and m^. A smaller value of msB gives a lighter 
mass for the massive Higgs fields H2 (another one. Hi, corresponds to the Higgs field in the 
conventional model), so that the case spoils the unification of the gauge coupling constants 
at /i = Mx- On the other hand, a large value of msB induces the proton decay due to 
the dimension-5 operator. We have taken itlsb ~ 10^^ GeV. Also, a large value of 
induce the proton decay due to the exchange of squark d. We have taken ~ 10^ GeV. 
Those parameter values can give a reasonable magnitude of the neutrino mass. However, 
the choice of such a small rris gives a small mixing between and 5(+), so that the case 
gives fJ^J ~ Uf^ and uf^u'S -U^uf^ ^ U^Suf^ -Uf^luf!. Therefore, the case with 
la'-'^-'l ^ 1 cannot give a sizable deviation from Mj = M^. However, this is critical for each 
parameter value. The details are dependent on the explicit model, i.e. on the choice of the 
forms S and U = Uf^. A further careful study based on an explicit model will be required. 

Anyhow, if the present scenario is working, the proton decay will be observed in the near 
future, because possible parameter values are in critical ranges for the proton decay in order 
to explain the quark and lepton (charged lepton and neutrino) masses and mixings. 

The present model leads to a radiatively-induced neutrino mass matrix M^"*^ which is 
given by sum of two rank-1 matrices as shown in Eq. (4.20). The "two" is originated in 
the two contributions from charged lepton loop and down-quark loop. The reason that each 
contribution takes a rank-1 matrix form is owing to that the mixing of the matter fields 
5L(+)i {i — 1,2,3) with the Higgs field is take place only for a linear combination 

'}2h^L{+)i- The contribution Mo from (z/j) 7^ is also expressed by a rank-1 matrix. Then, 
the general form of Mi, is given by the expression (5.4) [(5.5)]. 

We have investigated an interesting case that the form of M^, is given by a rank-1 matrix 
S, especially, the case with PSP — P. Then, the neutrino mass matrix M^, is given by the 
form (4.20). Since two rank-1 matrix model generally gives detM,^ = 0, one of the eigenvalues 
has to be zero, so that we can consider two types of the mass hierarchy: the normal hierarchy 
with Dy = modiag(0, e, 1), and the inverse hierarchy with D„ = (l/2)modiag(l — l+e"^, 0), 
where ~ Amg^^^^/Am^j^. The case of the inverse hierarchy with D^, = (l/2)modiag(£^ — 
1, £^ -|- 1, 0) is ruled out. However, even if we assume that the observed neutrino masses and 
mixings are dominantly described by the radiative neutrino mass matrix (4.20) (or S satisfies 
PSP = S), we cannot yet give an explicit predictions unless we assume a further ansatz for 
the flavor symmetry, because we have many free parameters in the rank-1 matrix S and the 
unitary matrix U = Uf^. For a flavor symmetry in the neutrino mass matrix M^, we have 
known that a 2 ^ 3 permutation symmetry is promising [15]. For example, a successful 
example given in Appendix C satisfies the 2 3 symmetry. Moreover, a possibility that the 
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2 3 symmetry can be applicable to the unified description of quark and charged lepton 
mass matrices has been pointed out [16]. However, since the purpose of the present paper 
is to give an it!-parity violation mechanism (and the radiative neutrino mass matrix M^"*^ 
within the framework of an SU(5) SUSY GUT without any troubles for proton decay, we 
have discussed the details no more. It will be our next task to seek for what flavor symmetry 
is reasonable. 

Nevertheless, the present model will be worth noticing. In the present model, the coupling 
constants Xijk of lyLi^ij^Rk ^Lid'iijdLk ai'e proportional to the mass matrices (M*)^^ 
and (Af])jfc, respectively. The model will give fruitful phenomenology in flavor violating 
processes. 
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Appendix A. General form of the mass matrix M 

The Z2 symmetry can softly be violated not only by the terms but also by terms 

and 5L(+)ii?(-). The mass matrix M given in Eq. (2.5) is generally represented by 



M 



(Al) 



where = sina, = cos a, and so on. 



When we define a rotation 



we obtain 



/I \ 

cp -sp 
\0 cp j 



( "ITT- SB \ 



(A.2) 



{A.3) 



J 



. Of 



m_|_ cos(q; — (3) rrig^ 
\ m+ sin(Q; — P) 

Therefore, the general form (A.l) can always be reduced into the form with M23 
course, the mixing angle between and 5(+)i in the model with M23 = is modified by 
the parameter of 5i(+)iJ(_). However, it is not essential in the present model. 

On the other hand, it is essential whether the Z2 symmetry is broken by or 
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First, let us see the case where the symmetry is broken only by : 

' msB rn^ \ 
M — m+Ca 

\m+Sa / 



When we define 



Rn 



/I 

Ca 
\0 Sa 







J 



we obtain 



RlM 



^ msB TTl- ^ 

m+ 

V I 



The mixing matrix U among (-f^(-) , 



U — RaRe — 



C0 



is given by 
\ 



\ -SaSe SaC0 Ca 



where 



/ 



with 



because of 



Rfi 



tan 2^ = 



-Se Ce 

ly 

2msBm+ 



rrij 



mz 



m 



SB 



( m 



R^MM' Ra 



^ + mt msB'fn+ \ 



SB 

msBm+ 




+ 



{AA) 



(^.5) 



(A.6) 



(A.7) 



(^.8) 



(^.9) 



(^.10) 





V oy 

As we have shown in (2.32)-(2.35), the coefficients Xuj of the i?-parity violating terms 

_ _ (2) (2) 

^Li^Ld^L{--)j are proportional to the factor k — U^^ /U^-^ . As seen in (A. 7) , the case (A.4) 
leads toUis — 0, so that we cannot obtain the effective i?-parity violating terms 5l5l10l(_). 

Of course, although we can obtain the effective it!-parity violating terms in the general 
case with Mn ^ and M-22 7^ 0, the essential term to derive the effective i?-parity violating 
term is not but In the present paper, in order to make the essential 

line of the scenario clear, we have confined ourselves to investigating only the case with 
M22 7^ 0. Also note that the case without the term leads to at tree level. 



Appendix B. Two rank-1 matrix model and nearly bimaximal mixing 
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In this Appendix, we investigate the constraint on the two rank-1 matrix model with the 
form 





( 


/1/2 


/l/3^ 




' g'f 9i92 


o\ 




/2/1 


/I 


/2/3 


+ 


9291 9I 







U3/1 


/3/2 


fi ) 




\ Q 


0/ 



{B.l) 



which leads to a nearly bimaximal mixing 



' C\2\l^ - £13 ■512^1 - £13 £13 ^ 



v 



^12— C12£13 Cl2+Sl2£l3 
v/2 

^12+C12£13 Cl2-Sl2£l3 
V2 



V2 



72 
V2 / 



First, we investigate a general form of which gives the neutrino mixing 
follows: 

/ a d2 

M,^U,DMj= d2 b2 c , 

\ 4 c 63 y 

where Di, = diag(m,^j, m,^2) "^I's) > 

a = €12(1 - £i3)"^i^l + sLll - £l3)"^i^2 + £i3"^i/3 , 

1 

62 





1 




2 = 


2 


(Sl2 




1 




3 = 


2 


(Sl2 




1 




C = 


2 


;(4 



„2 „2 



.2 „2 



d2 = - 



-^^l-els [Cl2(Sl2 - Ci2£l3)"^i/1 + Sl2(Cl2 + Sl2£l3)"^i/2 + £l3"^i/3] , 



d?. 



-;^V 1 - £13 [C12(S12 + Ci2£l3)m^l + Sl2(ci2 - Sl2£l3)"^y2 + £l3"^y3] 



Next, we rewrite the expression (B.3) into the expression (B.l): 





( a 


S ds] 




/ a — a 


d2-6 \ 




S 


13 c 


+ 


d2-S 


1)2 - /? 




\4 


c h) 




[ 


0/ 



where a, (5 and 5 must satisfy the relations 

r.2 M 



R ^ ^ ^3 c , Cd3 

63 63 63 



(5.2) 
(B.2) as 
(S.3) 



(^■4) 
(B.5) 
(S.6) 
(S.7) 
(B.8) 

(S.9) 



(B.IO) 



(S.ll) 
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since the first term of (B.IO) is a rank-1 matrix. In order that the second term is a rank-1 
matrix, the following relation must be satisfied: 

(^2-5)2 = (a-a)(62-/5) , (5.12) 

which leads to the constraint 

= 0(62^3 - c^) - {hdj + hdl - 20^2^3) = rn^imu2m^3[cl2 - -s^ll - '^^13)] > (-B.13) 

for the case 5 — -\-cdz/hz ■ In the two rank-1 matrix model, since muim,^2'>Tiu3 — 0, the 
constraint (B.13) [therefore, (B.12)] is always satisfied. This means that the two rank- 
1 matrix model (B.l) always has the parameter values which give the nearly bimaximal 
mixing (B.2). 



Appendix C. An example of 

We demonstrate an example of the mass matrix (4.20). We take a simple form of the 
rank-1 matrix S which satisfies PSP = P, 



/ 1 0\ 
5=000 , 
^0 0/ 

and assume the following form of the neutrino mass matrix M^, 





/ 1 0\ 






a 


a\ 


= mo 





+ kruQ 


a 


1 


1 




J 




\ a 


1 





The mass matrix (C.2) gives the maximal mixing 

sin^ 2^23 

and 



C/.13 = . 

For A; ~ 1/2 and ~ 0, the mass matrix (C.2) leads to a nearly bimaximal mixing 



\ 



c s 



where s — sin 9 and c = cos 9. When we put 



(ai) 



{C.2) 



(as) 

{CA) 



(as) 



k=-{l + x) , 



(ae) 
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we obtain 



m„i = |mo (4 + 2x + + a'^x - ^^x^ + 80^ + Vla^x + + ^a^x^ + la'^x + a^x^) , 
= |rno (4 + 2x + + a^x + ^J ^.x"^ + 80^ + Vlc?x + + 4a2x2 + 2a^x + a^x^) , 
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2(1 + |a;)Va;2 + 2a2 

(1 + + 1 VPT2^) 



m^3 = , 

(C.7) 

(as) 

. . (C.9) 

v2a2 + x2 + x 

The values a/x = 1, v^, and 2 give tan^^.o^^^ = 0.27, 0.38, 0.45 and 0.5 {dsoiar = 27°, 
32°, 34° and 35°), respectively. In order to fit the observed value [12-14] 

6.9 X 10-5 eV^ 



idii u solar — ^2 



V2a2 + x2 - 



06s 



2.76 X 10" 



(aio) 



2.5 X 10-3 eV^ 

For example, for the case a/x — 2, by taking a — 2x — 0.0092, we obtain the following 
numerical results 



mi,i — 0.9954mo , m,^2 — 1.0092mo , m,^3 



/ -0.8152 0.5791 \ 

0.4095 0.5765 -0.7071 ~ 
^ 0.4095 0.5765 0.7071 / 

0.505 , 



1 1 



0, 
\ 

]_ 

73 J 



tan^ OgQiar 



(ail) 
(ai2) 

(ai3) 



together with R = 0.0272 and sin^ 29 atm = 1- 

A simple example of the mixing matrix U = which leads to the second term of the 
expression (C.2) from the form (Cl) is, for example, given by 



U = 







1_ 

V 72 



Sqi 



(ai4) 



which lead to 



U^SU 





o2 



\ 



/o 

S2 s^c, 

\0 SaCc cl J 



(ai5) 



so that 





(0 





0\ 


2 


1 


^sl 






\ 


U ■ PU^SUP -u^ ^u- 










2 








cl 






u 









[ 




4 


cl 


1 



(ai6) 
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